the collector field [1] . Therminol VP-1 has a low freezing point of 12C, and is 7 stable up to 400C, which is higher in comparison to Caloria, the HTF used previously. 8 However, use of Therminol VP-1 as the heat storage medium above 400C in 9 practical applications is difficult due to its high vapor pressure (> 1 MPa). In order 10 to improve the Rankine cycle efficiency to a level higher than 40%, the desired 11 storage medium must withstand temperatures above 450C [2] while featuring low 12 vapor pressures. Pressurization of the solar thermal power system for use with 13 current synthetic oils above 400°C is cost-prohibitive. 14 Molten salts are likely ideal candidates as storage media with increased storage 15 temperatures close to 500C and extremely low vapor pressures. The higher storage 16 temperatures achieved with molten salts can also reduce the volume of the storage 17 tank for a given storage capacity. Moreover, molten salts are cheaper and more 18 environmentally friendly than the currently used synthetic oils. The major 19 disadvantage of molten salts is their relatively high melting temperature (120C for 20 HITEC XL [2] , relative to 15C for Caloria and 12C for Therminol VP-1). This 21 implies that special measures such as fossil-fuel or electric heating are necessary to 22 6 maintain the salt at temperatures above the melting point to prevent solidification 1 when solar power is unavailable or insufficient at night or in poor weather conditions. 2 The fluidity of the molten salt in the loop may alternatively be maintained by 3 discharging a small flow of hot molten salt from the TES unit through the loop during 4 such periods. 5 A molten-salt TES thermocline uses only a single tank as the storage container 6 and can thus potentially reduce costs significantly relative to a two-tank TES such as 7 that used in the Solar Two demonstration plant [3, 4] . In the thermocline, hot and 8 cold regions of molten salt rely on buoyancy forces to maintain stable thermal 9 stratification in a single tank. A low-cost filler material compatible with molten salts, 10 such as quartzite rock [5] , is used to occupy most of the volume of the thermocline 11 and acts as the primary thermal storage material. This helps greatly reduce the 12 amount of the relatively more expensive molten salt that is required in a two-tank 13 storage system. It was shown in system studies [6, 7] that a TES thermocline may 14 offer the lowest-cost energy storage option, saving 35% of cost compared to the 15 two-tank system. A demonstration of such a thermocline at a pilot scale (2.3 MWh) 16 was provided in Ref. [1] . 17 A TES thermocline is a porous medium infiltrated with a heat transfer fluid 18 (HTF). Thermal energy is transferred to the porous bed by the hot HTF flowing 19 through the pores during a charge cycle and is released to a cold HTF during a 20 discharge cycle. The heat exchange and energy storage in packed-bed porous media 21 are important in many applications, and have attracted extensive research interest. 22 Koh et al. [8, 9] introduced the use of porous media for cooling high temperature al. [12] studied the transient thermal effects in a porous medium subject to oscillatory 6 flow of hot and cold fluid. The amplitude of temperature fluctuation in this study 7 varied significantly with distance and time, while the storage of energy was largely 8 governed by the fluid-to-solid phase thermal storage capacity ratio. El-Sebaii et al.
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[13] investigated the year-round performance of a double-pass solar air heater with a 10 packed bed and reported an improvement in thermal performance, in terms of outlet 11 temperature and thermohydraulic efficiency, relative to a system without a packed bed. 12 Mawire et al. [14] developed a simplified one-dimensional single-phase model for an 13 oil-pebble TES system to examine the thermal performance of three different pebble 14 materials; a high ratio of the total exergy to the total energy stored was suggested as a 15 good measure of thermal performance of the pebble material. A feedforward 16 internal model control (IMC) structure for controlling the charging temperature of 17 such a TES system for a solar cooker was also presented; thermal stratification was 18 observed in the storage tank [15] . Fukai et al. [16] used carbon fibers to enhance the 19 effective thermal conductivity of the storage medium in pebble-bed TES units. 20 While heat transfer in packed-bed porous media has been widely studied, only 21 limited investigations of the thermal performance of molten-salt thermocline TES 22 8 have been reported despite its significance to solar thermal electricity generation. 1 Pacheco et al. [1] described the development of a molten-salt thermocline system and 2 compared it to a two-tank system; they suggested the molten-salt thermocline system In a recent study, the discharge efficiency of thermal energy storage in 9 thermocline tanks under an adiabatic wall condition was investigated for different 10 melt flowrates, filler particle diameters and tank heights [18] . The influence of the 11 interstitial heat transfer rate and the filler thermal conductivity were discussed in [19] . 12 The effect of non-adiabatic boundaries on the thermal performance of thermocline 13 tanks was explored in terms of the internal flow structure and resulting discharge 14 efficiency in [20] . Thermal ratcheting of the tank wall caused by temperature 15 variations and the settling of the filler particles was analyzed with a comprehensive 16 thermomechanical model in [21] . Only the discharge of a thermocline system was 17 considered in these works [18] [19] [20] [21] ; the temperature distribution and cycle efficiency 18 under cyclic operation as a function of the operating conditions was not considered, 19 and is the focus of the present study. This cyclic operation of a molten-salt 20 thermocline for solar thermal electricity generation is distinct from previous studies of 21 pulsating/oscillating flow conditions [10] [11] [12] ; a molten-salt input/output flow at 9 constant temperature levels is essential in the charge/discharge of a thermocline, as is 1 a narrow heat exchange zone [18] (also termed thermocline zone) in the storage tank. 2 There is a clear need for a theoretical model which predicts the cycle efficiency. So 3 also, physics-based guidelines for molten-salt thermocline design, which can be 4 scaled to different power capacities, are essential for applications in solar 5 thermal-electric power plants. 6 The present work aims to investigate the cyclic operation of a molten-salt TES 7 thermocline system for solar thermal-electric power plants, with a molten salt (HITEC) 8 used as the HTF and quartzite rock used as the filler. The thermal behavior, 9 including temperature profiles and cycle efficiency, are specifically investigated. 10 Based on the numerical results obtained, guidelines are provided for designing TES 11 thermoclines with various power capacities. exchanger. The HTF considered here is the commercially available molten salt, 20 HITEC, which is a eutectic mixture of the water- for use in parabolic-trough solar thermal electric plants. 5 The cyclic operation of a thermocline is considered here, with each cycle 6 consisting of a charge and a discharge process. During the charge half-cycle (left The specific focus of the present work is on the cyclic operation of molten-salt 18 TES thermoclines. The structure of a TES thermocline is depicted in Fig. 2 . The with no intervening dwell time. The half-cycle period t 0 is not limited to a value of 6 12 hours, and is determined by the application of interest. 
c. Energy equation for the molten salt:
Energy equation for the filler material:
, and the 2 other terms are defined elsewhere under Nomenclature. 3 The non-dimensional parameters included in Eqs. (1) - (4) are defined as follows specific heat of the filler material, respectively. These coefficients are well 15 represented by the following expressions, with a deviation of less than 1% from the 16 experimental data in Ref. [22] :
The filler bed is treated as 7 being composed of spherical rock particles of uniform diameter. According to 8 Wakao et al. [24] , the interstitial Nusselt number for a liquid particle bed can be 9 expressed as
where Re L and Pr L are the local Reynolds and Prandtl numbers, respectively.
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Assuming that the distributor regions are properly designed so that uniform 12 flows are achieved at the inlet and outlet of the filler bed [18] , and the molten salt 13 temperatures from the collector field T h and from the preheater T c are constant, the 14 boundary conditions may be specified as follows: 15 a) At the top exit of the filler bed, molten salt at the temperature of the upstream flow 16 exits the tank in the discharge period; in the charge period, on the other hand, molten 17 salt at T h ( l = 1) from the collector field flows into the tank. Therefore, the 18 nondimensional flow and thermal conditions are given as: 14 In the discharge half-cycle (0 <  < 1):
In the charge half-cycle (1 <  < 2):
b) At the bottom exit of the filler bed, molten salt at T c ( l = 0) from the preheater 1 enters the tank during the discharge period, while molten salt at the upstream flow 2 temperature exits the tank in the charge period. In this case, the nondimensional 3 flow and thermal conditions are given as: 4 In the discharge half-cycle (0 <  < 1):
In Eqs. (6) and (7), flow boundary conditions at the top exit of the filler bed are set (1) - (5) scheme is used for the convective fluxes, while a central-differencing scheme is used 5 for discretizing the diffusion fluxes, as in [18] . A second-order implicit scheme is 6 used for time discretization. Pressure-velocity coupling is implemented through the 7 PISO algorithm [ 25 ] . Iterations at each time step are terminated when the is non-dimensional parameter defined in Eq. (11), and will be discussed later).
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During the discharge half-cycle (0 < < 1), thermal energy stored in the filler material 13 is retrieved by the cold molten-salt flow, and thus the temperature is higher in the 14 filler than in the molten salt. In the charge process (1 < < 2), on the other hand, hot 15 molten salt is pumped through the upper port (at X = 1.0C 0 ) into the thermocline to 16 heat the cold filler, and thus the temperature of the molten salt is higher than that of 17 the filler, as shown in Fig. 3(a) . The temperature difference between the molten salt velocity of the heat-exchange zone can be predicted, as shown in [18] , by
This velocity is a function only of material properties and filler-bed porosity. During 1 the time of a charge or discharge half-cycle t 0 , the distance over which the 2 heat-exchange zone can travel is vt 0 ; this distance provides a measure of the tank 3 height required for a charge or discharge process. If a thermocline tank is shorter 4 than vt 0 , it will have run out of thermal energy before the discharge half-cycle ends. 5 Alternatively, it will have already been fully charged part way through the charge 6 half-cycle, leading to significant under-utilization of the available energy from the 7 collector field. Thermocline tanks with heights larger than vt 0 are therefore 8 recommended for improved efficiency in sequestering thermal energy from the 9 collector field. The effects of tank height will be further considered later in this 10 discussion.
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The axial temperature distributions shown in Fig. 4 illustrate a discharge-charge 12 cycle for a length ratio  of 450 at different Re. The non-dimensional tank height H 13 is set at 1.5C 0 for the plots in this figure, where C 0 is the non-dimensional form of the 14 front-propagation distance vt 0 , and is defined as
Just as in the case of the propagation velocity, C 0 also depends only on material 16 properties and the filler-bed porosity. As shown in the figure, the heat-exchange 17 zone is longer at the larger Reynolds number; for instance, it extends more widely clear that the shorter tank (H = 1.0C 0 in Fig. 3(a) ) has sharper temperature gradients in 6 the molten salt and a correspondingly shorter heat-exchange zone due to the proximity 7 of the hot and cold ports, compared to a longer tank (H = 1.5C 0 in Fig. 3(b) ). As 
where T s and T l is the temperatures of the filler and molten salt (T s > T l ), respectively, 18 and Q is the amount of heat exchanged between the filler and molten salt. A larger 19 entropy generation is responsible for a more significant loss in the quality (i.e., 20 temperature) of the available thermal energy. A similar conclusion can be drawn for 21 20 the charge half-cycle. This implies that the amount of high-quality thermal energy 1 that can be retrieved at a high temperature level during a cyclic operation would be 2 reduced. Cycle efficiency will be discussed further later in this paper. As an 3 illustration, the molten-salt temperature at the upper port (X = 1.0C 0 ) of the short (H =   4 1.0C 0 ) tank in Fig. 3(a) at the end of the discharge process ( = 1) is only 0.35, 5 relative to the value of 0.7 at the upper port (X = 1.5C 0 ) of the tall (H = 1.5C 0 ) tank in (Fig. 4(a) ), and 0.9 13 at Re = 10 ( Fig. 4(b) ). 14 The length ratio  also influences the heat transfer process significantly. The (Fig. 4(a) ), compared to the range from 1.0 to 1.5 at 4  = 0.05 for  = 150 (Fig. 3(b) ). The temperature of output molten-salt flow at the 5 end of the discharge half-cycle ( = 1) increases with , as shown by a comparison at 6 X = 1.5C 0 and  = 1 of the temperatures at  = 450 ( = 0.8 in Fig. 4(a) ) and that at  7 = 150 ( = 0.7 in Fig. 3(b) ). For instance, the change in temperature at the transition from discharge to charge ( = 7 1) is 0.2 at Re = 240, and 0.1 at Re = 10, as shown in Fig. 4 ; similarly, it is 0.27 at  = 8 150 ( Fig. 3(b) ), and 0.2 at  = 450 (Fig. 4(a) ). 9 The tank height also affects the temperature transition significantly. For 10 instance, the change in temperature between half-cycles is 0.65 at H = 1.0C 0 , while it 11 is reduced to 0.27 at H = 1.5C 0 , as shown in Fig. 3 . 
Output temperature history

13
The thermal energy delivered from the collector field is of high quality, i.e., a 14 high temperature level ( = 1). After it is stored in, and then retrieved from, the 15 thermocline, the quality of thermal energy may deteriorate, and the output molten-salt 16 temperature could experience a corresponding drop. Figure 5 shows the output The reasons for this behavior of the output temperature lie in the temperature 10 profiles analyzed in section 3.1 above: increasing the Reynolds number, decreasing 11 the length ratio  and shortening the tank height H can increase the temperature 12 difference between molten salt and filler as well as incur a more abrupt change in 13 temperature at the transition between the charge and discharge half-cycles, thus 14 increasing the entropy generation and ultimately reducing the quality of the output 15 heat energy. 16 In practical applications, it is desired that most of the stored thermal energy be Figure 6 presents the cycle efficiencies under different 16 conditions. As shown in the figure, the cycle efficiency monotonically decreases 17 with an increase in Reynolds number and increases with the length ratio  for all tank 18 heights. At a given Re and , the cycle efficiency is highest for the tallest tank at H (17) The good agreement between the correlation and the numerical results is shown in Fig.   4 6. Equation (14) is valid over the ranges 10 < Re < 250 and 150 <  < 450. 5 It is observed from the figure that the cycle efficiency of thermoclines with H = 6 0.5C 0 is significantly lower than that at the other two heights (H = 1.5C 0 and 1.0C 0 ). 7 In short thermocline tanks with H < 1.0C 0 , the heat-exchange zone arrives at the lower 8 (upper) port in a discharge (charge) half-cycle prior to the end of the half-cycle, so 9 that the tank is already fully charged (depleted) with thermal energy partway through 10 a half-cycle. This causes short thermoclines to no longer accept (output) thermal 11 energy in the latter part of the half-cycles, which results in poor cycle efficiencies. The non-dimensional results obtained in the previous sections can be 2 conveniently used to study the cyclic operation of different thermocline TES units. 3 In this section, the utility of Eq. (14) In this section, the influence of filler particle diameter and tank diameter on the 7 cycle efficiency of thermoclines is specifically explored, since it is the first of the 8 five-step procedure proposed above for thermocline design. efficiency and construction and operating costs is necessary; such a study is beyond 21 the scope of the present discussion but is being conducted in ongoing work. half-cycle to the filler particle diameter) and non-dimensional tank height, are 21 specifically explored. The non-dimensional results are applicable for the study of 35 Tables   Table I. Results for 
